Genome-wide multiple sequence alignments (MSAs) are a necessary prerequisite for an increasingly diverse collection of comparative genomics approaches. Here we present a versatile method that focuses on generating high-quality MSAs for non-protein-coding sequences. The NcDNAlign pipeline combines pairwise BLAST alignments to initial MSAs which are then locally improved and trimmed. The program is optimized for speed and hence is well-suited in particular for pilotstudies. We demonstrate the practical use of NcDNAlign in three case studies: the search for ncRNAs in gammaproteobacteria and the analysis of conserved noncoding DNA in both nematodes and teleost fish, in the latter case focusing on the fate of duplicated ultra-conserved regions.
NcDNAlign allows to generate some hundred bacterial alignments out of 24 Mb bacterial sequence data in a few minutes, ∼19 000 teleostean alignments based on 1.9 Gb input in 3-4 days, and, as a large-scale scenario, ∼12 000 nematode alignments in approximately 2-3 weeks processing 9.5 Gb unmasked genomic sequence data on one single PC. Compared to the currently widely used genome-wide alignment program TBA we achieve an up to 20 to 30-fold reduction of utilized CPU-time necessary to generate the gammaproteobacterial alignments whereby the showcase application of bacterial ncRNA prediction based on alignments of both algorithms results in similar sensitivity, false discovery rates and up to hundred putatively novel ncRNA structures. Our nematode alignments contain 139 UCRs, resp. 3 409 CNEs. The teleostean alignments comprise 1 395 UCRs. Both approaches yield conserved sequences of unknown function, result in novel evolutionary insights expanding our knowledge of DNA conservation patterns among these genomes, and manifest benefits of an efficient and reliable genome-wide alignment package.
Introduction
The construction of genome-scale alignments is the first crucial step in many comparative genomic applications. Certain questions can be treated based on pairwise alignments just as well. An increasing number of analysis pipelines, however, depends upon multiple sequence alignments (MSAs), or at least profits profoundly from the additional information contained in MSAs. Examples include the analysis of evolutionary constraint [1] , the discovery and assessment of functional, and in particular regulatory, sequences [2] [3] [4] [5] , the prediction of protein-coding genes [6] , and de novo searches for non-coding structured RNAs [7, 8] .
Several software packages have been developed for generating genome-wide MSAs -a task that necessarily needs to be automated to a large extent because of the sheer amount of data: CHAOS [9] , Pecan (http://www.ebi. ac.uk/~bjp/pecan/), MAvid [10] , MLagan [11] , Mulan [12] , and the Threaded Blockset Aligner (TBA) [13] are probably the most commonly used tools for this task. Each comes with its specific advantages and disadvantages, and most tools were designed with a specific set of applications in mind. Many of them, e.g. Pecan or TBA, rely on exonic anchors guiding the alignment process and, as a consequence, intronic subsequences are often poorly aligned. For recent reviews of the genomic multiple alignment problem we refer to [14, 15] .
As genomic sequence data become available at an ever-increasing rate (the ENCODE project, for example considers 22 vertebrate genomes [16] ), the construction of genome-wide MSAs tends to become the computational bottleneck often requiring large computer clusters [17] . The necessary computational resource requirements are often prohibitive in practice, at least for exploratory studies and for repeating earlier analysis when additional genomes become available.
In this contribution, we describe the light-weight but flexible multiple analysis pipeline NcDNAlign. Our approach is specifically geared towards constructing MSAs of non-repetitive non-protein-coding genomic DNA. We demonstrate the applicability of NcDNAlign to both prokaryotic and eukaryotic genomes. As examples, we compute alignments of several bacterial groups, of nine nematode, and four teleost fish genomes.
Ultra-conserved elements (UCRs) are genomic regions which are shared between several species with 100 % sequence identity. UCRs particularly have been studied in vertebrates [18] [19] [20] and insects [21] [22] [23] . This unexpectedly [24] high level of sequence conservation implies that they are most likely a result of strongly constraining, stabilizing selection due to their functional importance [25] . In [26] an example is described in which multiple distinct functional constraints make the accumulation of substitutions impossible. In general, however, the detailed function of UCRs remains mysterious even though functional studies associated them primarily with binding sites for regulatory factors, RNA processing and the regulation of transcription and development [27] . As an exemplary application of NcDNAlign we investigate the fate of conserved non-coding DNA in general and UCRs in particular in the aftermath of the teleostean genome duplication.
Many non-protein-coding RNAs (ncRNAs), as well as certain regulatory features in mRNAs such as IRES or SECIS elements, require specific secondary structures for their function [28] [29] [30] [31] [32] [33] [34] . Hence RNA secondary structure is conserved over evolutionary time-scales while the underlying sequences accumulate substitutions. These properties can be exploited by computational methods such as QRNA [35] , RNAz [36] , or EvoFold [8] to identify the regions with stabilizing selection on RNA structure within a sequence alignment. In all these studies it has become clear that the quality of the input alignments is a limiting factor for sensitivity and specificity of the ncRNA detection.
The purpose of NcDNAlign is to provide a user-friendly and efficient method for generating MSAs of genomic DNA. Thereby, the term "user-friendly" unites usability, flexibility, and scalability. As a major design feature, NcDNAlign can a priori restrict the alignment process to a user-defined subset of annotation features, such as coding-sequences, or exclude a subset of annotation features from the alignment process. This makes NcDNAlign particularly suitable for quick "pilot-studies" in numerous applications. The second design goal of NcDNAlign is to compute reliable alignments rather than to provide maximal coverage of the genomes. Minimizing the amount of data that has to be processed to generate genome-wide alignments clearly reduces the computational requirements to the extent that multiple vertebrate genomes can 
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Fig. 1. Work flow of NcDNAlign.
1) One species out of all given genomic sequences has to be selected as reference. 2) Optionally, sequences are ridded of potentially interfering or uninteresting sequence stretches, reducing the data set to genomic subsequences. 3) All subsequences of the reference are compared to all subsequences of all other species and local alignments are calculated heuristically (BLAST). 4) Adjacent compatible hits are combined. 5) The best hits (E-value) of each organism for each subsequence of the reference are aligned (DIALIGN). 6) Finally, the alignments are pruned, poorly aligned sequences are removed and the remaining sequences are optionally realigned to obtain an optimal alignment. be analyzed in principle on a single PC, rather than a huge parallel computing cluster as used a few years ago for the first genome-wide human-mouse alignments [17] .
Results

NcDNAlign
NcDNAlign is implemented as a pipeline that connects external programs and several custom tools (written in Perl). The overall layout is summarized in Figure 1 . For algorithmic details we refer to section 4 at the end of this paper. Beside various program parameters, the pipeline is controlled by a configuration file that flexibly can be adjusted to very different analysis projects. One of the input genomes has to be declared as the reference for the NcDNAlign pipeline. In the first step, subsets of the genomic input sequences are compiled, which is determined from user-defined rules based on genome annotation data. Then the corresponding fragments of the reference genome are aligned to all other genomic sequences using BLAST [37] . Consistent adjacent hits are combined into an MSA using a maximum clique approach [38] , which is derived from the tracker program [39] . At this stage, regions that are considered to align validly correspond with the term "blocks" of the TBA vocabulary. If desired, flanking sequences to each of the initial BLAST hits can be incorporated into the construction of this MSA. Empirically, we found that these first-stage The figure illustrates the required CPU-time for aligning 24 Mb bacterial, 1.9 Gb teleostean, and 9.5 Gb nematode genomic sequence data on one single workstation. The CPU-time is given as percentages respectively minutes for each step of the NcDNAlign pipeline.
MSAs tend to include many gap-rich regions or individual non-related sequences. We therefore developed heuristics to (1) trim the alignments and (2) to discard poorly aligned sequences. Finally, these sequences are re-aligned.
In the remainder of this section we briefly outline several example-applications of NcDNAlign. Depending on different genome numbers, genome sizes and parameters applied, NcDNAlign allows to generate some hundred bacterial alignments in a few minutes, ∼19 000 teleostean alignments in 3-4 days, and, as a large-scale scenario, ∼12 000 nematode alignments in approximately 2-3 weeks on a single machine. The considerable difference of the latter in contrast to the comparatively large teleostean genomes is mainly caused by unparallelised time-critical effects of BLAST searches using several gigabytes of unfinished respectively unmasked and thus repetitive nematode sequences. Figure 2 illustrates the required CPU-time necessary to align these three exemplary sets.
Estimates of alignment quality
There is, unfortunately, no unique and well-established way to define alignment quality and, especially, there is no convincing benchmark for genomic alignments. Standard approaches like BAliBASE [40] or BRAliBase II [41] only reflect the MSA step and are therefore not suited to genome-wide alignments, where additional sophisticated filters are necessary to generate coherent alignments. One measure is the coverage of the alignments, cp. Table 3 , which may be misleading, however, since much of the aligned DNA might well be Table 1 Comparison of bacterial alignments produced by NcDNAlign and TBA.
Results of NcDNAlign using four different sets of parameters are shown; the detailed modified BLAST parameters are given in section 4. TBA aligns more nucleotides in total than NcDNAlign, however the aligned reference sequence contains significantly more gaps. WSoP scores are largely comparable for both programs with a slight advantage for NcDNAlign. NcDNAlign is more efficient in terms of runtime and significantly outperforms TBA independent of the chosen parameter set. Overall, NcDNAlign efficiently generates long and gap-reduced alignments, when taking TBA as a reference.
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Flanking regions + -+ -n.a. non-homologous. We use here a simple Sum-of-Pairs score, defined as
where δ(p, q) is Kronecker's delta and ℓ(A) denotes the length of the alignment A. For the entire genomic alignment we measure the quality as the lengthweighted average (further refered to as WSoP = Weighted Sum-of-Pairs) of all individual local multiple sequence alignments. Table 1 shows that NcDNAlign yields alignments which are significantly longer than TBA alignments, while at the same time the number of gaps per column is lower, resulting in an overall slightly improved WSoP score.
Non-coding ultra-conserved regions in nematode genomes
In vertebrates and insects ultra-conserved regions have been studied in great detail in multi-way alignments [18] [19] [20] [21] [22] [23] A comprehensible amount of UCR loci overlaps with WormBase annotation and BLAST searches reveal sequence similarities with entries of public (ncRNA) databases. Annotation results using WormBase data are displayed in detail, note that a few UCRs match more than one WormBase descriptor. The Noncode-annotated UCRs belong to piRNA, snRNA, and mRNA-like genes. Applying blastclust to the set of 139 UCRs yields 124 sequence clusters, demonstrating that these UCRs differ highly at the sequence level. Although we discarded GenBank-annotated CDS regions, some UCRs are part of coding genes due to the WormBase. todes using pairwise alignments and considered there findings as a "view of the tip of an iceberg" only [21] . Recently, Vavouri et al. [42] retrieved 990 conserved non-coding elements (CNEs) from alignments of C. elegans, C. briggsae and C. remanei. In contrast, we feed a total of nine nematode genomes (assembly versions are given in the supplement) into NcDNAlign excluding all annotated coding sequences. Thereby, we find 12 144 local non-coding alignments that altogether comprise about 1.26 Mb of the C. elegans genome. Since most of the more basal nematode genomes have not yet been formally published, we do not report any further analysis of the phylogenetic distribution of non-coding regions.
We define UCRs as subsequences with a length ≥ 50 nt that are conserved with 100 % sequence identity in at least five out of the nine nematode species used in our study. Note that this definition differs from the one used in [18] for 3-way alignments and UCR length. We detect 139 UCRs, which sum up to 9 501 nt and vary from 50 to 285 nt in length (mean UCR length: 68 nt, mean number of sequences per UCR: 5.5). Several UCRs are separated by only few less conserved alignment columns, indicating that these ultra-conserved sequences belong to larger elements. A comparison of the C. elegans UCR coordinates with the current WormBase annotation and some other publicly accessible databases is summarized in Table 3 . At least a third of the UCRs lack a precise annotation and are of unknown function. Using BLAST, we obtain significant sequence similarity between 34 of our UCRs and the CNE set of Vavouri et al. and eight of our sequences are similar to Drosophila melanogaster UCRs [22] . However, there is no sequence similarity between our nematode UCRs and the vertebrate set of Bejerano et al.. Computing CNEs as a less stringent set of conserved elements, featuring a 100 % conserved stretch of ≥ 30 nt in all possible 3-to 9-way alignments, yields 3 409 items. Therein, we obtain 3 214 elements containing C. elegans, C. briggsae and C. remanei. 927 CNEs have BLAST hits with Vavouris' CNEs, 98 with Glazov's, and again there is no overlap with Bejerano's UCRs. Vavouris' and our set of conserved elements are quite similar but obviously not identical because different genome assemblies have been applied, available annotation tracks have changed, and, contrary to us, Vavouri et al. removed a plenty of annotatable elements (protein-coding regions, RNAs, repeats) from their released sequences.
The example shows that NcDNAlign can be used to quickly (2-3 weeks) produce large-scale genomic alignments, although in this particular case the screen deliberately was not most efficiently designed (e.g. we did not mask repeats). However, novel evolutionary insights of nematode conservation patterns are obtained, since our approach considers six additional genomes. Thereby, one has to keep in mind that, contrary to [17] , where a computer cluster of 1 024 866 MHz nodes had been applied for 481 days to generate pairwise alignments, our whole analysis was done on one single workstation and hence the term quick indeed is appropriately used in this context.
Non-coding ultra-conserved regions in teleostean genomes
The evolution of conserved non-coding elements in vertebrates has been discussed in detail in several studies, see e.g. [43] [44] [45] [46] . A system to study the effect of a whole-genome duplication (WGD) on non-coding DNA are teleost fishes, which have undergone an additional genome duplication relative to the ancestral gnathostome at least 300 million years ago [47] [48] [49] [50] . Generally, duplications are believed to have provided raw genetic material for selection to act upon. Compared to other vertebrates, such as mammals or zebrafish, the fugu and tetraodon genomes have a significantly reduced fraction of duplications due to transposon activity [51] . In addition to the large scale duplication(s), a considerable fraction of multi-copied vertebrate CNEs owes its existence to the activity of transposable elements [52] .
In contrast to prior studies of teleostean CNEs [53] which used fairly loose requirements for sequence conservation (≥ 65 %), we focus here on ultraconserved elements, which we define as having 100 % sequence identity among aligned subsequences with a length ≥ 50 nt. We aligned non-coding regions of the four teleosts Fugu rubripes (FUGU 4.0, 393 Mb), Tetraodon nigroviridis (TETRAODON 7, 342 Mb), Gasterosteus aculeatus (BROAD S1, 447 Mb), Oryzias latipes (HdrR, 700 Mb) (all genomes are available at the Ensembl database: http://www.ensembl.org) using NcDNAlign and parsed resulting alignments for the existence of UCRs. Alignments of all five teleosts, including Danio rerio, contain less than 100 UCRs. Hence, we decided to exclude Danio teleostean UCRs are found in outgroups. Thus, 198 UCRs seem to be teleost-specific. We did not require 100 % sequence identity outside the euteleosts, just a significant BLAST HSP (E-value < 1e − 6). Large numbers indicate the amount of conserved UCRs, small (subscripted) numbers denote the number of BLAST hits. Divergence times were taken from [54, 55] .
from subsequent analysis, its evolutionary distance to the other teleostean species is too large, to obtain a broad set of hits sharing 100 % sequence identity.
We found 19 093 alignments containing at least three euteleost species. These alignments comprise 3.9 Mb of the genomic sequence of fugu and have a mean pairwise identity of 74 %. Among them, we identified 1 395 UCRs covering 97 732 nt or < 0.03 % of the alignable fugu sequence. The mean length of the UCRs is 70 nt with a maximum of 277 nt.
A BLAST search of the teleostean UCRs against several vertebrate and invertebrate genomes (see Figure 4 ) confirms prior findings that vertebrate CNEs are largely absent in invertebrates [45] , and reveals 198 teleost-specific UCRs. BLAST searches against the sets of orthologous CNEs of the CONDOR database (http://condor.fugu.biology.qmul.ac.uk/) confirm our finding that a considerable fraction of UCRs within the dataset is teleost-specific -see Table 3 in the supplement for details. 423 UCRs are conserved between the genomes of fugu and human. 59 of our UCRs correspond to the vertebrate UCR dataset of Bejerano et al. (481 elements) and three match Drosophila UCRs that are associated with Homothorax mRNA splicing [22] . To resolve putative duplication events we searched for paralogous sequences of fugu UCRs in the fugu genome using BLAST. Thereby, all significant BLAST HSPs are taken into account (E-value < 1e − 6). In principle it is allegeable to obtain up to eight copies (2 3 ) for an ancient subsequence since two rounds of whole-genome duplications are known at the root of the vertebrate lineage and a third within the teleosts [47, [56] [57] [58] [59] [60] [61] . Elements that occur more often (maximum number Table 2 Evolutionary conservation of duplicated teleostean UCRs.
Distribution of UCRs according to their copy number in the genome found in (a) teleostean alignments neglecting danio, (b) sequences corresponding to (a) in danio and (c) tetrapods (human, chicken, frog). For example, 1 233 UCRs reside as a single element in fugu, gasterosteus and medaka, but only 487 of them are singly present at danio. 373 teleost-specific UCRs do not have an obvious counterpart in tetrapods, but 860 still exist as single element in either human, chicken, or frog. In case of (c) hits are counted as the union of all occurrences in the three analysed tetrapods. However, sums of duplicated hits can slightly differ from the overall sums because few hits are multiply counted (e.g. one single hit in frog could appear twice in human etc.).
number of copies
of identified copies is 28 in teleosts) seem to appear too frequently to reliably originate from WGD events and, for our purposes, are rather assumed to be of pseudogenic or repetitive character than playing a key regulatory role within the class of WGD-derived elements. 162 UCRs appear more than once in fugu and in the following we refer to this class of elements as duplicated UCRs, see Tab 2. Many of them are still present in danio (96), and in the non-duplicated out-groups: shark (63), frog (70), chicken (71) and human (83).
Prediction of novel bacterial structured non-coding RNAs
As a third application of NcDNAlign, we consider its use in ncRNA detection in bacterial genomes. Both, EvoFold and RNAz, the two currently most promising approaches to the prediction of ncRNAs in regions conserved on sequence level, rely on high-quality MSAs as input data. We have selected the prediction of bacterial ncRNAs using NcDNAlign and RNAz as a showcase application firstly because bacterial genomes are sufficiently compact allowing to use several parameter sets for the generation of MSAs and an easy comparison to the computationally demanding TBA and secondly because computational studies of bacterial ncRNA prediction are of common interest [62] [63] [64] [65] [66] . RNAz has been applied to vertebrates [7] , drosophilids [67] , nematodes [38] , and urochordates [68] , and once to bacteria [69] . [63] . False discovery rates, measured as the number of positive RNAz predictions in shuffled alignments over positive predictions in the normal data set, are comparable for both approaches (0.24 -0.33 for NcDNAlign versus 0.25 for TBA). Irrespective of the number of RNAz hits, the overall sensitivity for detecting known RNA genes of both methods is almost equal -0.60 for NcDNAlign versus 0.59 for TBA (Table 3-d) . Table 3 NcDNAlign and TBA fairly applied to exactly the same genomic sequences of Gammaproteobacteria.
Consuming approximately the 20 to 30-fold amount of CPU-time (a), TBA produces roughly 2.5 fold more alignments than NcDNAlign (b). RNAz applied to these alignments yields half the number of hits in NcDNAlign as compared to TBA at comparable false discovery rates (c). Despite the discrepancy in the number of alignments, the sensitivity of the RNAz-based detection of annotated ncRNAs is equal for both approaches (d).
Numbers in brackets at (c) and (d) denote the fraction of recovered elements. From the left to the right, the three numbers of overlapping alignments, resp. overlapping RNAz predictions, refer to pairwise comparisons of the screens: (1)+ (2), (3)+ (4), (3) 
Discussion
With NcDNAlign we present a pipeline for the computation of multiple sequence alignments of non-coding regions based on genomic input sequences.
As different applications require different types of MSAs, we built NcDNAlign to be easily configurable. A configuration file in key-value format can be edited to tune the software e.g. to produce less stringent long alignments (RNA gene finding) or highly conserved short blocks (UCR analysis).
We exemplaryly applied NcDNAlign to three different sets of genomic sequences. The program scales promisingly from bacterial to mammalian sized alignment problems. It is completely written in Perl and uses standard bioinformatic software like BLAST, DIALIGN, or ClustalW, thereby making it applicable on many different systems, e.g. all Unix derivatives. It is implemented in a modular way and can easily be adapted to include future algorithms for MSA generation or other useful features, like threading to support parallel computation.
Our approach of finding ultra-conserved subsequences restrictively focuses at 100 % sequence identity within nematode respectively teleostean genomes for demonstration purposes only. Further and more sophisticated analyses of conserved regions may apply more precise attempts considering initial seed subsequences of 100 % identity which one could enlarge by less conserved flanking regions to capture evolutionary preserved genes superiorly. Our study of teleostean duplicated UCRs deliberately misses the distinction of copied genes that originate from local or small respectively whole-genome duplication events in great detail since draft assemblies split into many scaffolds do not allow a strict measure of locality. We also do not explicitly take care of distinguishing between orthologs and paralogs. When creating the MSA from pairwise alignments we take the best hit of the reference sequence in every other organism. The reason for this strategy is a pragmatic one: for the type of applications that NcDNAlign was originally designed to facilitate (in particular ncRNA search, motif discovery, and analysis of ultra-conserved regions), the inclusion of a paralog instead of the true ortholog does not make a significant difference in those cases where orthologs and paralogs cannot be readily distinguished based on sequence conservation.
Basically, NcDNAlign is able to align nucleic acid sequences, independent of whether the input sequences are of intergenic, intronic, or exonic origin. However, there might exist more sophisticated approaches to align coding regions, e.g. at the amino acid level, in particular because of quite different sequence constraints between non-protein-coding and protein-coding sequences. Handling both aspects is exactly what we deliberately did not incorporate into a putatively overloaded, too complex, program. We therefore focus on nucleic acid alignments of non-coding regions. We do not make any assumptions on CDS regions, what is in contrast to other alignment programs, like Pecan or TBA, which use exonic anchors to guide the alignment process. Nevertheless, we are able to perform complete whole-genome alignments, including CDS regions. However, this should be addressed as an additional feature, not a major design goal. Especially, since the accuracy of aligned CDS regions has not explicitly been evaluated.
In summary, NcDNAlign is a pragmatic and performant approach to the generation of MSAs of non-coding regions from genomic sequences. Our strategy of combining compatible BLAST HSPs and the subsequent evaluation of the DIALIGN alignment score generates matching segments, similar to the blockset-concept of the TBA program. Both algorithms build global alignments by piecing together small locally related anchors, whereas NcDNAlign relies on the combination of blastn, respectively DIALIGN, while TBA incorporates blastz, respectively multiz. Generally, blastn is much faster than blastz but consequently less sensitive. However, this seems not to be a problem for quick pilot-studies. Basically, both programs are implemented as a pipeline of several programs, where the advantages of modularity justify intermediate input and output operations. NcDNAlign has been designed for an easy and configurable use, and no need of other input than sequence data. In contrast to TBA, it particularly does not require any phylogenetic information, which often is not trivial to obtain or there are numerous different opinions on it, e.g. among several viral or bacterial families. Although NcDNAlign aligns fewer nucleotides than TBA it appears to be as sensitive and specific as TBA when applied to ncRNA gene finding. TBA may be the more general approach, however, at the cost of more computational effort and the necessity to post-process alignments to satisfy specific needs. Different applications require different programs and reliably benchmarking genomic alignments remains an open problem. NcDNAlign's major advantages are its simplicity, flexibility, and performance, which makes it a competitive choice, in particular when only limited computational resources are available.
Methods -Insights into the NcDNAlign work flow
NcDNAlign is a pipeline that consists of the following five Perl programs (1) cutSequences.pl (2) getGenomewideAln.pl (3) mergeGenomewideAln.pl (4) realign.pl (5) trimAln.pl which are described below. In addition it calls the external alignment programs BLAST, DIALIGN or (optionally) ClustalW. Future implementations substituting currently incorporated algorithms by the user's favorites are conceivable.
Regarding worst case scenarios the big-O asymptotic time complexity of these five scripts is given as a function of the sequence length l and the number of sequences n. cutSequences.pl processes each genome exactly once and therefore runs in O(n·l). getGenomewideAln.pl performs n−1 pairwise BLAST searches and therefore belongs to O(n − 1·l 2 ). mergeGenomewideAln.pl solves the NP-complete problem of finding maximal cliques with branch-andbound strategies. Generally, maximal cliques can be found most efficiently using Union-Find-Algorithms which belong to O(k + l log l), where k is the number of Union-Find operations on l elements. realign.pl applies DIALIGN which originally required O(n 3 ), but current implementations tend to O(n 2 ), and some additional filtering steps of O(n·l). trimAln.pl requires O(n·l) for beautification filters and the optional ClustalW step needs O(n 4 + l 2 ), where creating distance matrices needs O(n 2 ·l 2 ), neighbor-joining is O(n 4 ), and progressive alignment takes O(n 3 + n·l 2 ). Due to the big-O notation the most expensive step of the NcDNAlign pipeline seems to be ClustalW, but benchmarking showed that BLAST is the most time consuming step and might be used as an upper bound regarding time complexity, cp. Figure 2 . Keep in mind that the input data set for ClustalW is only a minor part of the original genomic sequences.
Extracting genomic subsequences -cutSequences.pl
The pipeline simply starts with genomic sequence data of a group of related species either in GenBank or Fasta format. Regions that are not of interest for a particular application, e.g. CDS in the context of an ncRNA search, can be excised provided they are annotated in the input GenBank files. This results in a Fasta formatted file that either contains subsequences (GenBank) or the complete genomic sequence with adjusted header information. Removing uninteresting parts of the genomic DNA at this stage of course speeds up both the initial BLAST searches and all further alignment procedures due to shorter input sequences. It may also improve the final results as it reduces the number of spurious alignments.
Genome-wide alignments -getGenomewideAln.pl
In the next step each sequence-block of the reference is pairwisely aligned against all other sequences of all other given species. Thereby, the processed sequences can be small chunks of DNA as a result of excising certain loci (see cutSequences.pl) or complete chromosomes, respectively genomes. Only those BLAST results are analysed where E-value and length of hit satisfy the conditions specified in the configuration file. Only the best hit in each species for each query is retained for further processing. For studies of non-coding DNA, we recommend to use a modified set of parameters for the BLAST search that is optimized for non-protein-coding sequences (-r 5 -q -4 -G 10 -E 6, http://stevemount.outfoxing.com/Posting0004.html). Effects of using these non-standard BLAST parameters are shown and discussed at Table 1 and  3 .
Combining adjacent neighbors -mergeGenomewideAln.pl Structured RNA sequences are often less conserved in regions without base pair interactions. This may cause BLAST to identify two short hits rather than a single long one. Therefore, we try to combine these individual local alignments into a single larger one. Due to rearrangement, deletion and duplication events during evolution not all single local alignments lead to consistent global alignments, see [38] for a detailed description of the associated technical issues. We use here the algorithm described in [38] to combine adjacent hits with a maximal distance of 30 nt in BLAST High Scoring Sequence Pairs (HSPs). In brief, the merging algorithm first computes a consistency graph whose nodes are the individual BLAST-alignments. The maximal cliques in this graph define sets of compatible pairwise alignments that can be combined. An illustratory example using artificial data is given in the electronic supplement.
Initial multiple sequence alignments -realign.pl Most algorithms for generating MSAs adhere to the progressive alignment paradigm, i.e. MSAs are built incrementally from pairwise alignments. We follow this strategy by grouping the corresponding BLAST HSPs. Thus, all HSPs are sorted by their loci in the reference genome. The "best" subject regarding the E-value is selected for each locus. Global alignment methods typically outperform local alignment approaches whenever the input sequences are related over their entire length [70] . Local methods, on the other hand, are superior in multiple domain cases where sequence identity is low and the sequences tend to share common motifs only [71] . Hence, we strongly recommend to use DIALIGN [72] for the realignment of HSPs to avoid a destruction of the alignment of pairwise grouped and mostly independent HSPs.
The DIALIGN algorithm can be applied to both, globally and locally related sequence sets, what indeed constitutes the missing link between locality of HSPs and an accurate alignment of globally similar sequences. In case sequences are only locally related, DIALIGN does not compute a global alignment and only aligns residues connected by selected diagonals [73] . Figure 5 illustrates the procedure of constructing the MSA out of the pairwise BLAST HSPs. In order to filter the results, the minimal number of sequences and minimal length of the alignment can be specified in the configuration file while the maximal number of sequences is, of course, the number of species in the screen. Optionally, BLAST results can be extended up-and downstream by a user-defined number of nucleotides to compensate for possible shortcomings in the original BLAST alignments.
Beautifying multiple alignments -trimAln.pl
Irrespective of the applied alignment algorithm, the initial MSAs are not of high quality with respect to large variations in sequence lengths due to the underlying pairwise alignments. Therefore, we developed a beautification procedure that trims the alignments to be in conformity with our definition of high-quality alignments. Figure 6 provides an overview of this work flow. Dialign2-2 returns a Sum-of-Weight-score indicating the degree of local similarity among sequences for each alignment column. We use blocks with a minimal number of columns with score 0 to split raw Dialign2-2 alignments into significantly aligned blocks. The minimum size x of these separating insignificant blocks can be defined by the user. We then test the alignments (i ) if their length exceeds the minimal length (the minimal length of the overlap is the same value as for retaining the local alignments in the configuration file) and (ii ) if they contain y consecutive gaps. Default values of x = 20 and y = 120 have been empirically determined as sensible thresholds for the trimming procedure. If (i ) or (ii ) is true, the "beautification algorithm" is applied to the alignment until the number of aligned sequences exceeds the minimal number of species in the screen or no further improvement is achieved. The "beautification algorithm" addresses the following key issues:
(1) The alignment may be elongated, however, at the cost of loosing individual short subsequences. Based on the alignment coordinates the specific sequence that can be dropped to enlarge the alignment needs to be selected. This is done by computing the two dropping candidates that define the borders of the central minimal overlap of all sequences (MIN OVERLAP, cp. Figure 6 and Figure 2 in the supplement, can be interpreted as a seed alignment). The number of sequences having a valid base (not a gap) in the starting column of the left candidate sequence and in the ending column of the right candidate sequence are summed up. Depending on the higher number we drop the shortest sequence protruding at the left or right side of the minimal overlap. In case both sums are equal the sequence contributing less nucleotides to a putative longer alignment is chosen for dropping. If this is still not unique, the left one is chosen to enforce unambiguousness. (2) Considering the fraction of introduced gaps:
Additionally to minimal length and minimal number of sequences we calculate a gap-score g s that is defined as:
g s = #gaps of trimmed sequence length of trimmed sequence
A sequence is rejected if this value falls below a user specified threshold. The default value is set to 0.3, implying that at most 30% gap characters are allowed within a sequence. (3) Alignments that do not pass consistency filters are rejected:
In all cases potential alignments do not pass above described filtering steps, the alignment is rejected (not returned) and beautification procedure finishes, to immediately save computation time.
An exemplary illustration of the alignment beautification procedure is given in Figure 2 in the supplement. In addition to the MSA, NcDNAlign also writes a file detailing the number of trimmed nucleotides for each sequence. Given as an optional command line argument, the entire MSA can optionally be realigned by applying ClustalW once more. The main reason for including this feature is that many analysis programs, including RNAz, are trained on alignments that were prepared with this program.
Supplement
Supplemental text, figures and tables are appended as separate pdf file. Further online supplemental material, including machine readable sequence and annotation files of UCRs/CNEs and RNAz predictions, is available at http://www.bioinf.uni-leipzig.de/Publications/SUPPLEMENTS/07-007/
Availability
The NcDNAlign software is available under the GNU Public License from http://www.bioinf.uni-leipzig.de/Software/NcDNAlign/.
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